In metal matrix composite (MMC) materials, the reaction between the metal matrix and reinforcement particles could change the composition of the matrix and the interface and lead to interfacial compounds. These intermetallic compounds may have either a deleterious effect to the mechanical properties or beneficial effect in enhancing the toughness and ductility of the composite. An aluminium 6092 alloy with 17.5% volume fraction silicon carbide (SiC) particles sheet manufactured by means of powder metallurgical method, heat treated to T6 condition, is used to obtain a fundamental understanding of the heat treatment effect on the fracture mechanism, the microstructural changes and the interface between the Al-matrix and SiC particles. Changes in the microstructure of the Al/SiCp and the topography of the fracture are investigated using scanning electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDS) and transmission electron microscopy (TEM) to characterize the precipitate and intermetallic compounds formed at the Al/Sic interface. X-ray diffraction (XRD) is utilized to characterize the phase formation and to give confidence in the results of TEM and EDS. Tensile tests with different strain rates (8 × 10 ) were carried out to study the toughness and to find a correlation between the strain rate and heat treatment. Under T6 condition, the results show that the mechanical property of this MMC is less ductile due to the formation of precipitations as a result of either the interaction between the Al and SiCp or from hardening precipitation treatment, e.g. Al 2 Cu, Al 4 Cu 2 Mg 8 Si 7 and MgAl 2 . O-condition annealing can reduce the detrimental effect of the intermetallic compounds in the interface region and improve the toughness and ductility of the material by decreasing the intermetallic compound (Al 2 Cu). However, the Al/SiC sheet treated with O-condition annealing is more sensitive to the strain rate than the one treated with T6.
Introduction
A MMC material is composed of a ductile metal matrix (e.g. aluminium or titanium) reinforced with a ceramic such as silicon carbide or graphite [1] . The MMC has excellent mechanical properties, compared to monolithic alloys including much improved strength to weight ratio and stiffness, which makes it attractive for automobile and aerospace applications [2, 3] . The discontinuous reinforced MMCs have a number of properties which are more beneficial than those of continuous fibre-reinforced composites, e.g. ease of fabrication and isotropy [4] . The silicon carbide, as a fibre or particle reinforced Al matrix composite (Al/SiC), can be considered the most favourable type of MMC [5] . The SiC reinforcement can enhance the Young's modulus and yield stress, but the ductility and fracture toughness of the composite are significantly lower than that of wrought alloys [2, 6] . The hexagonal platelet shape of Al 4 C 3 and elemental Si are formed at the carbide/Al-matrix interface as a result of direct reaction between the SiC and Al [7, 8] . The presence of Al 4 C 3 has an undesirable effect on the mechanical properties of the composite due to the fact that it is brittle and unstable in corrosive environments such as hydrochloric acid, methanol and water, under which fatigue crack growth can accelerate [9, 10] . Therefore, there are two methods to suppress or minimize the formation of Al 4 C 3 : the first method is to add a large amount of Si to the Al matrix, normally 10-12% [9] . The second is to produce a SiO 2 layer on the surface of the SiC by artificial oxidation [11] .
The age hardening in Al-Si-Mg alloys is caused by the precipitation of Mg 2 Si phase. While, in Al-Si-Mg-Cu alloys, the precipitation behaviours are considered more complicated and several phases may be obtained, e.g. Mg 2 Si, CuAl 2 , CuMgAl 2 , Cu2Mg 8 Si 6 Al 5 and Al 4 Cu 2 Mg 8 Si 7 . The Al-Si-Mg-Cu alloys usually contain Cu in varying amounts. This can lead to formation the Al 4 Cu 2 Mg 8 Si 7 precipitation after ageing treatment [12] [13] [14] [15] [16] [17] [18] [19] .The percentage of Cu has a significant effect on the ageing behaviour and hardness of Al-Si-Mg cast alloy and AA6082 Al-Mg-Si alloy; e.g. the age hardening rate decreases and the hardness increases as the weight percentage of Cu rises [15, 20] .
Primary and secondary voids exist on the fracture surface of 6061/ SiCp; the primary voids are identified with the brittle fracture of composites and are nucleated either at the decohering interface or from broken particles and their shape and size correlate with the SiC particles. The secondary voids govern the ductile fracture of composites and are created in the maximum ligaments between particles [21] . The quasi-static and dynamic fracture toughness test of 6061Al composite, reinforced with 15% and 20% volume of SiC particles shows that the addition of SiC particles decreases the fracture toughness of 6061Al alloy [22] . The mechanical properties of 6061Al-and 7108Al-SiCp composites are affected by rolling and heat treatment; hot rolling increases the Young's modulus and ultimate tensile stress of 6061Al-and 7108Al-15%SiC p as compared to as-cast composite. In addition, elongation to fracture increases by 3-4 times in 6061/SiCp when annealed at 413°C as compared to rolled composite [23] . The strength of 6061/ SiCp is significantly affected by heat treatment; the strength increases by modification of the standard T6 heat treatment for 6061Al alloys. The behaviours of 6061/SiCp during heat treatment are similar to those obtained during the heat treatment of Al alloys [6] . The physical and mechanical properties of Al-SiC composites are altered by changing the particle size of Al and SiC and the SiC volume fraction. The physical properties deteriorate when the Al and SiC particle size decreases and the SiC volume fraction increases. On the other hand, the hardness is enhanced by increasing the SiC volume fraction and decreasing the particle size of Al and SiC [24] . The strain rate has a significant effect in increasing the strain hardening coefficient and maximum strength of AleLi (8090)/SiCp composite; increasing the strain rate from 10
to 6500 s −1 , doubles the strain hardening coefficient [4] .
The reinforcement of SiC particles is used to enhance the strength and stiffness of Al-alloys, and T6 treatment is utilized to increase the strength of Al-alloy via the formation of precipitations in the Al-matrix. Therefore, the Al/SiCp composites with T6 treatment have high strength to ductility. Consequently, the Al/SiCp composite after T6 treatment may not be suitable for direct application in large deformation processes. The purpose of the present investigation is twofold; the first is to characterize the phases and intermetallic compounds formed due to interaction between the Al-matrix and SiC particles or from the hardening precipitation treatment, when O-condition annealing is used to reduce the detrimental effect of these compounds by dissolving or refining them so as to improve its ductility. Secondly, there is little research published in the literature on the effect of strain rate on the tensile properties and fracture behaviour of MMC materials. Tensile tests with different strain rates were conducted to study the influence of the strain rate on the mechanical properties and fracture behaviour and to find a correlation between the fracture mechanism under tensile loading and the type of heat treatment as well as to illustrate the effect of the precipitations on the fracture toughness.
Experimental Procedures

Material
The experimental work was carried out using a 6092 aluminium matrix composite sheet reinforced with a 17.5% volume fraction of silicon carbide particles. SiC particles with initial average size of 2.3 μm were employed as a reinforcing particles. The SEM images were analysed by ImageJ software to determine the initial average size of SiC particles as shown in Fig. 1(a) . It can be observed from the figure that the size of SiC particles is not uniform. Therefore, size distribution plot is produced to specify the size distribution as shown in Fig. 1 (b) .
Powder metallurgy technique was used to manufacture the 6092/ SiCp sheets. The aluminium 6092 SiCp used in this study was obtained in the form of sheet of dimensions 1000 × 500 × 1.04 mm. The sheet was supplied in the T6 heat treated condition and the chemical composition of the alloy matrix is given in Table 1 .
The Al6092/17.5% SiCp-T6 has low ductility and high strength. Therefore, to improve the ductility of Al6092/SiCp and to alleviate the deleterious effect of the intermetallic compounds on the mechanical properties, heat treatment is required to improve the formability of this composite material under large deformation conditions.
Heat Treatment
O-condition annealing was employed in this work due to the fact that this can improve the ductility of 6xxx aluminium alloys, according to the recommendations of ASM [25] . Fig. 2 illustrates how the annealing cycle was applied to the 6092/SiCp composite. The O-condition process consisted of three steps. The first step was to heat the 6092/ SiCp composite sheet to 415°C with a rapid heating rate to avoid grain growth. The second step involved holding the MMC sheet at this temperature for 2.5 h (the soaking stage). The final step was to cool the sheet at 30°C increments to reach 260°C in 5.2 h. Note that the subsequent cooling does not require a strict cooling rate.
Tensile Test
Tensile tests were carried out to study the effect of O-condition annealing on the mechanical properties and toughness of the 6092/ SiCp composite with T6 heat treatment. A quasi-static tensile test was performed on five values of strain rate (8 × 10 ) to evaluate the effect of the strain rate on the Al/SiCp formability. These tensile tests were conducted using an INSTRON testing machine and the dimensions of the specimen were designed based on ASTEM-E8 [26] . Tensile specimens were obtained by using an EDM cutting from a 1.04 mm thick 6092/SiC/17.5P sheet.
Focused Ion Beam (FIB)
Several methods are employed for preparing electron-transparent foils for TEM, e.g. electro-polishing (twin jet) and the precise ion polishing system (PIPS), but the disadvantage of these techniques is that it is difficult to prepare a sample on a nano-scale. In this work a focused ion beam (FEI Quanta200 3D FIB-SEM) was used to prepare nano-scale transparent foils for TEM. The FIB system is equipped with a liquid metal ion source (LMIS); this ion is Gallium (Ga + ) which can be used for site-specific milling or for depositing materials onto a defined area. In this study, platinum (Pt) was deposited on the surface of the Al/SiC sample to protect the sample surface during the milling process for cross section analysis. The milling process was used to remove a required amount of material to obtain an accurate milled pattern shape. The milling process was monitored continuously using SEM. TEM was used to characterize the precipitate and intermetallic compounds formed in the interface region. Therefore, the Pt was deposited on the SiC particle ( Fig. 3 (a) ); then, the material was removed from both sides ( Fig. 3 (b) ) to obtain a transparent foil for the interface region between the Al-matrix and SiC particle ( Fig. 3 (c) ); finally, EDS was used to ensure that both the Al-matrix and SiC particles were in the sample ( Fig. 3 (d) ).
Results and Discussion
Microstructural Analysis
In order to analyse and evaluate the microstructure of the composite material, a series of preparations were carried out, including cutting, mounting, grinding and polishing of the MMC sheet. The microstructure of the 6092/SiCp composite was investigated in as-received (T6 heat treatment) and O-condition annealing using XL30 SEM with a linked EDS, TEM and XRD. The SEM image for a typical microstructure of 6092/SiCp composite with T6 heat treatment is shown in Fig. 4 ; from this figure, it can be seen that there are three distinct regions clearly marked on the backscattered electron (BSE) image, which are Al matrix, the SiC particles and inclusion. In addition, it can be observed from the figure that both the size and the distributions of SiC particles are not uniform; the composite contains a cluster of SiC particles in some regions of the Al matrix. Moreover, porosity can also be observed around the SiC particles. Generally, it is difficult to avoid the porosity in Al/ SiCp composite due to mismatch in the coefficient of thermal expansion of Al matrix and SiC particles and this leads to SiC particle associated porosity when the Al/SiCp composite cooling from the elevated temperatures of T6-condition or O-condition annealing. This can make the bonding between the SiC particles and Al matrix weak [27] .
To analyse the effect of heat treatment on the chemical composition of the Al/SiCp composite, SEM-EDS spot analysis was conducted in three different regions along the composite metal, e.g. the Al-matrix, SiC particle and interface between the Al and SiCp. The SEM-EDS spot analysis was repeated six times in different places in each distinct region and the average value was taken, as shown in Fig. 5 .
The chemical compositions of each region are summarized in Table 2 . It is clear from the table there were minor changes in the chemical compositions of both the Al-matrix and SiC particles after the O-condition heat treatment. On the other hand, significant changes were observed after annealing in the chemical compositions of the interface region of Al/SiC, especially in the concentrations of Al and Si.
It is noted from the data that the concentration of Si in the interface region between the Al-matrix and SiC particle in the T6-condition was higher compared to that in the O-condition annealing. The results also show that after O-condition treatment, the concentration of Si decreased in the interface region and increased in the Al-matrix, which means there was an exchange process of Si between the interface and Al-matrix during the heat treatment.
TEM was used with both heat treatment conditions (T6 and Ocondition) to characterize the phases and intermetallic compounds formed at the interface between the Al-matrix and SiC particle as a result of the interaction between them or due to the precipitation hardening treatment. Fig. 6 (a) shows the matrix-interface region of the Al/SiCp composite after T6 treatment. The large interfacial compound in the interface line was clearly identified as Al 2 Cu by a selected area electron diffraction pattern (SADP) (Fig. 6 (b) ) and EDS (Fig. 6 (c) ). Al 2 Cu has an orthorhombic crystal structure with a lattice parameter of a = 0.496 nm, b = 0.866 and c = 0.833 nm. It is well known that the T6 heat treatment consists of two steps: solution heat treatment and artificial ageing (precipitation hardening). Precipitation hardening is used to strengthen aluminium alloys via the formation of precipitations. These precipitations grow within grains and at grain boundaries. The intermetallic compound phase (Al 2 Cu) was observed at the interface between the Al-matrix and SiC particle and the main influence of this intermetallic is to increase the hardness of the MMC and reduce ductility. Al 2 Cu usually is formed in the AleCu alloy (2xxx and 2xx.x) after ageing [28] when the percentage of Cu in Al alloy is from 0.2% to 5.6% [29] . Therefore, due to the high percentage of Cu (1%) in the 6092Al alloy (Table 1) , this phase can be generated after the ageing treatment.
After O-condition annealing, TEM observation showed that the Al 2 Cu completely dissolved into the matrix, whilst another phase was observed as shown in Fig. 7 (a) . Based on the SADP (Fig. 7 (b) ) and the EDS (Fig. 7 (c) ) analysis, this phase was Al 4 Cu 2 Mg 8 Si 7 . The Al 4 Cu 2 Mg 8 Si 7 has a hexagonal crystal structure with the lattice parameters of a = 1.039 nm and c = 0.4017 nm. This phase could increase the strength of composite materials.
It is difficult to produce a detailed identification of the interfacial Fig. 2 . O-condition annealing for 6092Al composite based on ASM recommendations [25] .
reaction compounds using one method. Therefore, X-ray diffraction (XRD) was utilized to characterize and observe the effect of heat treatment on the phase formation and to give confidence in the results of TEM and EDS. The results of the XRD pattern are given in Fig. 8 (a) and (b) for T6 treatment and O-condition annealing, respectively. The observed peaks confirmed the results of the TEM diffraction pattern and EDS. Fig. 8 (a) 7 are formed with Al6092/SiCp after T6 treatment due to the high percentage of Cu (1 wt%), and the main role of these precipitations is to increase the hardness of the Al/SICp. The O-condition annealing works to enhance the ductility and toughness by reducing the Al 2 Cu phase as shown in Fig. 9 .
Hardness
To evaluate the effect of heat treatment on the hardness of 6092Al/ SiCp composite, the Vickers hardness test was utilized with diamond indenter. The load was set to 5 kg for 15 s. The area of indentation was measured using microscope with magnification power 5×, the hardness is obtained by dividing the load (Kgf) by area of indentation (mm 2 ). The test was repeated six times in different positions to get the average value of hardness. The results show that the distribution of the hardness was almost uniform after both heat treatments (T6 and Ocondition), as shown in Fig. 10 . The hardness was reduced by 58% after O-condition annealing, meaning that the O-condition can improve the ductility of the MMC by decreasing the hardening precipitation (Al 2 Cu) formed in the interface region and redistributing the Si in the MMC. Fig. 11 illustrates the true stress-strain curves of 6092/17.5%SiC p composite for two different heat treatment conditions (T6 and O-condition) at five different strain rates. It is observed from the figure that O-condition annealing significantly enhanced the toughness of the Al/ SiCp material as compared to the T6-condition at all strain rates, but that lower ultimate tensile strengths (UTS) were obtained. Moreover, the strain rate had a significant effect on the strain at fracture of the Al/ SiC p composite. Compared to the T6-condition, the fracture strain of Al/ SiC p at O-condition was more sensitive to the strain rate. As shown in Fig. 12 (a) , the elongation to fracture of Al/SiC p at O-condition increased from 0.055 to 0.193 when the strain rate decreased from 0.16 s −1 to 8 × 10
Tensile Test
, whilst at the T6-condition, it increased from 0.013 to 0.08. The strain rate had a slight effect on the UTS, while the opposite is true in terms of its effect on the strain at fracture (Fig. 12  (b) ), where the values of UTS decreased by decreasing the strain rate values. The UTS of the Al/SiC p -T6 composite decreased by 13.9% with decreased strain rate and the percentage decrease with O-condition annealing was 9.8%. Based on the aforementioned results, the fracture is accelerated by increasing the strain rate at both heat treatment conditions; an explanation for this is that, with high strain rates, dislocations in the matrix are generated more rapidly due to fact that the plastic flow is constrained by the SiC particles. Therefore, increasing velocity can help these dislocations escape to the free surface (the debonded surface between SiCp and the Al-matrix and crack interface) and that this accelerates the fracture in MMC materials. On the other hand, the low strain rate has a significant effect to postpone the fracture occurrence in Al/SiCp composite material with both heat treatment conditions (T6 and O-condition) but its effect is greater with O-condition. Indeed, it seems that stabilising effects are present with low strain rates which delay the damage evolution as compared to the test conditions of high strain rates. Fig. 13 shows the morphologies of the tensile fracture surface of the Al/SiCp composite carried out on samples subjected to two different heat treatment conditions and tensile tested with a strain rate equal of 8 × 10
Fracture Mechanism
. As shown in Fig. 13 (a) , the fracture surface of the sample with T6-condition contains some shallow dimples with many broken SiC particles and debonding along the interface between the SiCp and Al matrix. The broken particles and debonding are responsible for the fracture and low ductility of the Al/SiCp with the T6-condition. Fig. 13 (b) depicts the fracture surface for O-condition annealing. It is observed that a high percentage of deep dimples appear on the fracture surface as compared to the T6-condition sample with a limited number of SiC particles covered by the matrix; this is due to the fact that, after O-condition annealing, the ductility of Al/SiCp interface is improved and the Al matrix has high elongation before fracture. Consequently, it is difficult to observe the SiC particles on the fracture surface with Ocondition annealing at a low strain rate due to the deep dimples in the Al matrix. The debonding phenomenon along the interface between the SiC particles and Al matrix can be observed clearly in Fig. 14 at a high strain rate, as at a low strain rate the SiC particles are almost covered by the metallic matrix. The debonding occurs during deformation, when the shear stress at the interface exceeds the strength of bond [30] . Based on the observations of the fracture surface at both heat treatments conditions, the fracture mechanism of the Al/SiCp composite indicates that ductile fractures occurred at both T6 and O-condition annealing although the dimples on the fracture surface are shallower under T6 condition than from O-condition annealing. In addition, the accompanied debonding between the SiC particles and Al matrix from the samples at T6 condition is less obvious from that after O-condition annealing.
The effect of strain rate on the morphologies of the fracture surface is investigated with tensile samples subjected to T6 treatment and Ocondition annealing. As shown in Fig. 15 , when the strain rate varies from 0.16 s −1 to 8 × 10
, there is no significant fracture morphology difference with T6 treatment tensile samples; the fracture is ductile but with shallow dimples and cracked SiC particles, however, with a high strain rate, interfacial cracks appear on the fracture surface ( Fig. 15 (a) ) which are not present with a low strain rate (Fig. 15 (b) ).
Typical SEM fractographs of the fracture surface of the O-condition samples with different strain rates are shown in Fig. 16 . It is observed from the figure that, at high strain rate (0.16 s −1 and 8 × 10
there is an interfacial crack on the fracture surface. The depth of the dimples increases with decreased strain rates. Moreover, the SiC particles disappear from the fracture surface at a low strain rate due to the high deformation in the Al matrix before fracture resulting in many voids, which almost cover the SiC particles. It can be concluded that the fracture mechanisms in the Al/SiCp material change with the strain rate; more ductile void coalescence is observed on the fracture surface at the slowest strain rate, while shallow dimples with SiC particles are noted on the fracture surface at the fastest strain rate. Based on the mechanical properties and the SEM fracture surface fractography, the tensile samples at O-condition appear more sensitive to the strain rate than those at T6 condition. Also the results show that there is interfacial crack in fracture surface when high values of strain rate are used with both type of heat treatment (T6 and O-condition), which can be related to higher level of stress causing decohesion. Under different strain rate, the results showed that there is a Based on the aforementioned results, the strain rate has a significant effect on the depth and density of the dimples of 6092/17.5%SiCp composite. Compared to the T6-condition, the fracture surface of 6092/ 17.5%SiCp with O-condition is more sensitive to the strain rate. It can be concluded that the shape and ductility of the dimples density formed in the fracture surface of Al/SiCp composite correlate closely with strain rate conditions of the tested specimens.
Conclusions
A detailed investigation was undertaken to study the formation of precipitations due to the interaction between Al-matrix and SiCp from T6-treatment of 6092Al/SiCp composite sheet using SEM, EDS, TEM and XRD. O-condition annealing was applied to reduce the detrimental effect of these precipitations and to improve the ductility and toughness. In addition, tensile tests with a range of strain rates (8 × 10 interface between the Al-matrix and SiC particle after T6-treatement. These precipitations have an important effect on the mechanical properties with an increased hardness of the 6092Al/SiCp sheets. O-condition annealing can decrease the Al 2 Cu intermetallic compound and increase the elongation to fracture.
• The dimples density in the fracture surface of Al/SiCp composite varies as a function of heat treatment and strain rate.
• The toughness and ductility of the 6092Al/SiCp composite can be improved significantly using heat treatment (O-condition annealing) with a low strain rate.
• The 6092Al/SiCp composite heat treated by O-condition annealing is more sensitive to the strain rate than the one heat treated by T6-treatment.
• With a low strain rate (8 × 10
−5 s −1 ), ductile fracture can be observed in the 6092Al/SiCp composite at both T6 and O-condition annealing although the samples at T6 condition contains shallower dimples with many broken SiC particles than those treated by Ocondition annealing.
• Under high strain rate, interfacial crack in Al matrix was observed in the fracture surface with both heat treatment conditions (T6 and Ocondition). This crack is generated due to high stress level caused by high strain rate. • As the main factor influencing the ductility (i.e. elongation to failure) of the 6092Al/SiCp composite is due to the void nucleation and void coalescence mechanisms associated with the presence of the SiC particles, the elimination of Al 2 Cu intermetallic compound is the most significant factor that promotes increased ductility in the O condition.
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